INTRODUCTION
Honeycomb sandwich, formed by adhesively bonding metallic or non-metallic thin plates with honeycomb core, is one of the composites used extensively in the industry. The common types of honeycomb cores presently being produced are aramid fiber reinforced, glass fiber, and the metallic core such as titanium, corrosion resistant steel and aluminum. The facing materials are usually aluminum, fiberglass or carbon fibre laminates. With the core carrying the shear loads and skins carrying the bending load the honeycomb panel enjoys many applications in the aerospace industries and have been found in many structural components due to their extremely light weight, high stiffness and strength-to-weight ratio.
The quality of the honeycomb structures therefore becomes more important, so as the nondestructive testing techniques used in defect inspection and material characterization. Similar to that in other adhesively bonded joints, the bonding layer in the honeycomb structures is a potential weak area which may cause structure failure if the bonding is defective. Three types of defects can be found in adhesively bonded structures, and they are disbond, cohesion failure and poor adhesion [1] . Nondestructive testing techniques are available to inspect the disbond [2] , and considerable effort has been put in developing techniques for cohesion and adhesion in composites. Other defects include crashed core, and those in the far-side interfaces skin/adhesive/core, which are more difficult to detect if only the near-side is accessible.
Lamb waves, which propagate in the plane of plate-like structures, have the potential to be used for nondestructive evaluation of composites because most of composites are made of plate or stack of large plies, along which the waves can be generated and received. The subject has attracted increasing interests in recent years and there is an extensive literature to reflect this. Most of the work in Lamb wave applications are concerned with plates which are either free or immersed in light liquid [3] [4] [5] . In comparison, only a few reports have been found with bonded structures. Rokhlin [6] studied the interactions of different Lamb modes with disbonds in adhesive joint in which plates of equal thickness are jointed by a layer of adhesive. Rose and Ditri [3] investigated S2 mode reflection and transmission when it interacts with defects in adhesive bonds. More recently, Lowe and Cawley [7] has investigated the possibility using Lamb waves and embedded mode for NDE of diffusion bond, in which a thin layer of oxdoid layer sandwiched between two solids is of concerns. However, there is little work reported with Lamb waves in honeycomb structures, in which a solid plate is bonded adhesively with a "soft" halfspace core, and the other surface being free. Furthermore, it would be interesting to know whether the Lamb wave can be used for rapid inspection in honeycomb panel as it has shown great potential in the laminate panels [8] .
This paper reports the investigation of Lamb wave characteristics in aluminum honeycomb structures. The theoretical background and the procedure used in the analysis are first briefly described; the predicted dispersion characteristics of Lamb waves, such as phase velocity, attenuation, and mode shape and stress distribution across the thickness, are presented in a two layers system of aluminum and epoxy in a free-halfspace boundary conditions; the measured time responses are also presented for an aluminum honeycomb with simulated disbond, and the implication for application to the practical testing of honeycomb structures is discussed. Figure 1 illustrates a typical multi-layer model used in the study. The modelling of dispersion characteristics of Lamb waves in a multi-layered system has been studied by many researchers, for example, see [9] [10] . A general purpose modal model and numerical program for multi-layered systems has recently been developed by Lowe and Cawley [11] . The dispersion program, which was originally developed for laminates with isotropic layer, has also been extended to include anisotropic materials and used for analysis of composite laminates [4] . The details of the general method for the modal solution using the global matrix method and their application to model honeycomb structures can be found elsewhere [11] [12] .
THEORETICAL BACKGROUNDS

RESULTS
Dispersion curves of aluminum honeycombs
The predicted Lamb wave characteristics in aluminum honeycombs are reported in this section. In all cases, the wave is assumed to be propagating along the x direction shown in Figure 1 . The honeycomb is modeled as a two-layer plate system of 1 mm thick aluminum plate and 0.1 mm thick epoxy layer, with free aluminum surface and epoxy surface having halfspace boundary condition. The properties of the various materials used in this study are included in Table L The halfspace core material (aramid) is assumed to be isotropic at this Layer 3 epoxy Layer 4 halfspace core c:: (1) :::
, "-- stage, and its acoustic impedance is much "softer" than that of aluminum. The core is modeled as a semi-infinite medium since the thickness ofthe core is usually more than 10 times of that of the skin. Due to semi-infinite boundary condition, Lamb waves in the 2-layers system are leaky waves, with reducing amplitudes as they propagate along the plate. The dispersion curves, including the phase velocity and attenuation dispersion, are presented in Figure 2 , together with So and Ao velocity curves for aluminum plate only being shown as dotted lines in Figure 2 (a) for comparison.
It can be seen over the low frequency range that the phase velocity curves of the low order modes So and AO shown in Figure 2 appear to be similar to those of the single layer aluminum plate, indicating that the propagating velocity of the Lamb wave in the two-layer plate honeycomb structure is unaffected much by the presence of the epoxy thin layer and paper core halfspace. The cut -off frequency of the mode S 1 is found to be much lower than the one without halfspace core. The relatively low acoustic impedance of the core does not affect much of the phase velocity in the aluminum skin. In the high frequency range, the velocities are reduced, this is partly due to the epoxy layer having less stiff material properties, so the overall material properties is less stiff than the single aluminum plate.
The attenuation curve, shown in Figure 2(b) , indicates the amount of energy lost to the honeycomb as the Lamb waves propagate along the plate. The attenuation characteristics must be taken into account when considering using Lamb waves and selecting the mode of wave in practical testing. It can be seen that all the modes have very high attenuation coefficients when the frequency approaches to their respective cut-off frequency. The cut-off frequency is also the frequency at which the group velocity is zero or where standing wave is produced, and because of the high attenuation at these frequency it is not possible for the wave to propagate.
It can be seen that mode Ao has very low attenuation at low frequency, gradually increases to about 3 MHz, and increases rapidly as the frequency is further increased. Mode So' on the other hand, has low attenuation at low frequency but the attenuation coefficient increases almost linearly as the frequency of the wave increases. The predicted attenuation coefficients of Ao and So at low frequency region are about 0.025 Nepers/mm, which would be around 0.217 dB/mm (lNeper = 8.7dB), i.e., amplitude drops to 61 % of its value for every 20 mm distance it travels, this might put some limit on the type of testing in which the leaky Lamb waves can be used if the propagating distance is of great concern. It is noted that mode A 1 has near-zero attenuation at frequency above 5 MHz, as it is degenerated to that similar to the Rayleigh wave of the aluminum plate. Mode shape and stress distribution Displacements and stresses across the thickness of the plate system were also obtained at the frequency of interest. Figure 3(a) shows that mode shape of the leaky Lamb wave So mode at 0.5 MHz. The x-axis in the plot represents the thickness position from the top surface of the aluminum plate to bottom of the two layer system (x=I.I), and the y-axis indicates the normalized displacement with respect to the maximum value. Strictly speaking, the modes would not be symmetrical to the middle plane of the plate system since the two layer system is not symmetrical about their mid-plane. However, the attached epoxy layer is only one tenth thick of the aluminum plate and displacements are 'predominantly' symmetric about the mid-plane of the aluminum plate, the symmetrical labels are still used for clarification with respect to the middle plane of the aluminum layer.
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The stress distribution in Figure 3(b) shows the normal stress S33' and the shear stress S13 across the thickness of the two-layer plate for So at 0.5 MHz, the y-axis now being the normalized stress with respect to the maximum value. It can be seen that both stresses vary across the thickness and fall to zero at the skin surface to satisfy the "free" boundary condition. In So mode the normal stress S33 is similar to that in the plate alone and there are significant amount of shear stress across the thickness. Particularly, a large shear stress (S 13) is seen at the interface of the aluminum plate and epoxy layer for the So mode, compared to zero-stress for the aluminum plate alone. This is due to the aluminum and epoxy have different material properties and stiffness. The non-zero shear stress shown in Figure 3 (b) may be used to serve as an indication of the quality of the bond, since a lower value or zero value shear stress would be arisen in the presence of delamination or disbond. Similar to the mode shape plot, as frequency increases, stresses of the two fundamental modes tend to concentrate much nearer to the two surfaces as a result of formation of Rayleigh wave.
Measurements
Measured responses of So mode Lamb wave propagation in an aluminum honeycomb are briefly presented here, and furtherresults will be reponed later. The honeycomb was made of 1 rom thick of aluminum plates and 25 mm thick aramid core, bonded by a thin epoxy film. One of the region was simulated with disbond defects by inserting a Teflon film. The setup was pitch-catch using angled transducers and equipment used is similar to that described elsewhere [8] . And only case for the input using a 0.5 MHz 10 cycles sinusoidal toneburst in Guassian window is presented here. Figure 4 shows the measured So mode responses at two points of distance of 20 rom over a good area of honeycomb. The velocity was measured 5.53 mm/ms by time of flight, and the attenuation was calculated about 0.30 dB/rom from the reduction in the amplitude, and was much larger than that measured for an aluminum plate of same thickness (0.02 dB/mm). The measured value is also higher than the one predicted (0.217 dB/mm) as attenuation in epoxy layer was yet accounted in the modelling. A sequence of the time responses was measured and shown in Figure 5 when the transmitter and receiver were moved in line and the receiver was scanned across the area under which a disbond was simulated. it can be seen that a significant reduction of amplitudes was observed when the defect was between the transmitter and the receiver, indicating the effects of the defect. The reduction in the transmitted amplitude over the defect region could be due to that part of the wave was reflected when they interacted with the defect. 
Discussion
When the thickness of the epoxy layer is increased, it can be shown that it has larger effects on the dispersion characteristics of the leaky Lamb waves in the plate [12] . The nondispersive phase velocity region of the So is further reduced and the drop in velocity of Ao occurs at a lower frequency than that with the 0.1 mm epoxy. All the other modes are found to have lower cut-off frequencies and lower velocities as a result of the thicker layer of epoxy. A higher level of shear stress at the aluminum and epoxy interface as show in Figure  3(b) is also seen. Honeycomb structures with different core properties were also investigated, and will be reported later [12] . In general, the phase and group velocity dispersions curves of the Lamb waves at low frequency are less affected by the core properties, while the attenuation is increased significantly.
The test has shown that the defect between the transmitter and receiver can be detected by propagating So leaky Lamb wave, the propagating distance, however, is limited as attenuation was found to be large. If long range inspection of large panels is desirable, a possible alternative is to generate free Lamb waves along the whole plate of the honeycomb structure rather than in the skin alone. As the free Lamb waves interact across the thickness of the honeycomb, defects such as crashed core and those in the far-side interface may also be detected. Further work is to be undertaken in this area.
CONCLUSIONS
Lamb waves propagation in the aluminum honeycomb has been studied by a multilayer model. It has been shown that there are no significant changes at the low frequency range in terms of phase velocity compared to those for free waves of the two layer plate. However, the attenuation characteristics show that waves are leaky waves with stress energy dissipated into the core through the adhesive layer as the wave propagate along the skin. The stress distribution across the thickness has shown that there is significant shear stress across the interface layer, which is very different from that for a disband, in which the stress is zero. The measured time responses of So mode in the aluminum honeycomb showed that Leaky Lamb waves can be used for nondestructive testing of disband using the conventional pitch-and catch setup, however, it is only suitable for detection of local defects. For long range testing of large honeycomb panels free Lamb waves along the whole honeycomb panel may be more appropriate.
